In contrast to the extensive literature on hydrologic modeling of agricultural and urban land classes, relatively little attention has been focused on the prediction ofthe storm flow response from wetland ecosystems. If required to predictthe rate of outflow from a vvetland system, the hydrologist or engineer has few numerical tools and little available data to assist in the prediction. This chapter presents the application of a numerical wetland model using synthetic precipitation events. The wetland model consists of a field hydrology model fully coupled to a stream routing model. The field hydrology model incorporates two distinct layers, one representing the surficial hummock terrain common to many wetlands and the other representing the organic layer characteristic of all wetland sites. The hydrology model includes process representations for the quickflow responses associated with overland flows through the surficial hummock terrain and longterm subsurface interflow mechanisms within the wetland organics. Antecedent saturation states dictate the amount of storage available for temporarily storing meteorologic inputs. Under low saturation levels, the stormflow response is controHed by subsurface stonnflow mechanisms. Under high saturation levels, overland flow mechanisms shape the response. Over the past few years, the integration of adjacent urban la11d use has been a focus of discussion. The results of this study illustrate the complexity and variability of the hydrologic response at a wetland site, even to a single precipitation input. McKillop, R.C., N. Kouwen and E. Soulis. 1999 (Mitsch and Gosselink, 1986) . Wetlands improve water quality, protect shorelines from erosion, provide a measure of flood control, and offer social and economic benefits. The importance of protecting and preserving these wetland systems is being increasingly recognized by the general public, water resources engineers and regulators. It is estimated that wetlands currently comprise 1,270,000 km 2 or 14% of Canada's land surface (National Wetlands Working Group, 1988). In Ontario, wetlands occupy approximately 33% of the land area or 290,000 km 2 , predominantly within the northern regions ofthe province. In southern Ontario, it has been estimated that over 75% of the wetland sites have been lost since European settlement (Ministries of Natural Resources and Municipal Affairs, 1992). In the past, the dominant cause of wetland loss in southern Ontario has been the reclamation of agricultural land use (Bardecki, 1981).
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bottomland hardwood forests along the Mississippi River, Gosselink (1981) reported that, prior to settlement, these wetlands stored the equivalent of sixty days of river discharge. After the construction of levees and drainage of the floodpJain, the storage capacity was reduced to approximately twelve days. In southern Ontario, headwater streams commonly originate from groundwater discharge zones. These discharge areas often exist in the form of treed swamps where the sustained influx of groundwater plays an important role in maintaining swamp saturation and stream baseflow (Roulet, 1991) . Although these spring-fed swamps are a common watershed feature and their presence can significantly impact the stormflow response of a catchment, there has been relatively little research conducted into the numerical simulation ofthe stormfiow response associated with these wetland systems.
Study Objectives
The pmpose of this chapter is to examine the variability in the hydrologic response of headwater wetland sites common to southern Ontario. A calibrated numerical wetland model wa') used to simulate the response of a wetland study site to varying precipitation inputs within a design storm context. By incorporating synthetic storms, the hydrologic response of a headwater wetland was examined with regard to: (i) the wetland response to precipitation input, (ii) the length of the stofm:t1ow response associated with the wetland site, (iii) event stormfiow runoff volumes (runoff coefficients) and (iv) a comparison of the wetland response \'lith that of a comparably sized urban development.
Wetland Hydrology -A Primer
In order to properly manage these valuable ecosystems, regulators and planners must be aware of wetland hydrology and the particular hydrologic behaviour of wetlands. Hydrology is probably the single most important determinant for the establishment, extcnt and maintenance of specific types of wetlands and wetland processes (Mitsch and Gosselink, 1986) . The type of wetland that will form on any given site is strongly influenced by climate, geology and local topography. It is well recognized that a knowledge of wetland hydrology is essential to understanding and quantifying wetland functions and processes (Carter et al., 1979) . Wetlands a ofhydrologk functions and these functions have becn well documented (Carter et aI., 1979; O'Brien 1986; Carter 1986 ). The hydrologic functions attributable to wetland systems include peak flow reduction, delay offload peaks, recharge and discharge of groundwater, maintenance of base flow, water quality regulation and reduction of shoreline erosion. From a storm water perspective, the most significant function associated with wetland systems is their ability to temporarily store or retain flood flows and as a result,
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reduce flood peaks (Bay, 1969; Carter et aI., 1979; Novitzki, 1979; Verry and Boelter, 1979; Woo and Valverde, t 981) . r n southern Ontario, most watersheds exhibit dendritic or tree-like drainage networks. The temporary storage of stormwaters within the tributary wetlands and the resulting delay of the tributary and main channel flood peaks can playa major role shaping the runoff response from a watershed. Past studies have indicated that during spring runoff events, most wetlands produce a flashy runoff response as a result of the saturated conditions within the wetlands. During the summer precipitation event<;, if airfilled pore space is available within the sediments for the retention of stonnwater, wetland outflows can be significantly reduced.
A key characteristic of a wetland system is the existence of hydric soils.
Hydric soils are those soils that experience saturation or frequent flooding for significant periods of time. Continuous or seasonal inundation combined \'lith the production of relatively large amounts of dead organic material result in nearly perpetual soil anaerobiosis in many wetlands (Kadlec and Knight, 1996) . The subsequent reduction in microbial activity and organic decomposition results in an accumulation of organic matter. When dealing with the properties associated with most wetland soils, a distinction is commonly made with regard to two identifiable layers within the wetland soil profile. The upper layer, or acrotelm, represents the periodically aerated layer within which there are exchanges of water with the atmosphere. The water table always lies within the acrotelm with the level of the water table fluctuating due to the varying meteorological influences. Underlying the acrotelm is the catotelm, an anaerobic, permanently saturated organic layer. The properties of organic sediments are very much related to the degree of humification. Humification refers to the decay or decomposition that occurs by biochemical oxidation of plant matter. As decomposition proceeds, the wetland soil undergoes a loss of organic matter and physical structure. In general, as the wetland soils decompose, the bulk density (i.e.: the dry weight ofthe material per unit volume) increases while the hydraulic conductivity decreases. The hydraulic characteristics of wetland sediments can vary significantly over very short vertical and horizontal distances. In most cases, there is a significant difference between the hydraulic conductivity associated with the aerotelm and that of the eatotelm. Romanov et al. (1975) noted that the hydraulic conductivity associated with the upper layers ofthe acrotelm were in the order of I to 100 em!s. At the lower boundary of the aCl'Otelm, the hydraulic conductivity decreased to 0.001 cm/s. Several studies have reported hydraulic conductivity values associated with swamp wetlands in southern Ontario. Woo and Valverde (1981) reported values ranging from 4 to 22 mlday for the Beverly Swamp. In a study of the surface and groundwater hydrology at a small headwater drainage basin of the Duffin Creek watershed, Rouiet (1990) reported hydraulic values ranging from over 10 mJday within the organic layer, to than 0.05 m/day in the underlying substrate. In a study of the
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stonnflow production in a forested swamp located northeast ofT oronto, Ontario, Waddington et aJ. (1993) reported that the hydraulic conductivity ofthe peat near the drainage stream ranged from 0.03-0.17 m/day.
The Model
General
A brief description of the wetland model is provided in the following sections.
A complete description ofthe wetland model development, numerical fonnulaHan, application and sensitivity analysis is provided by McKillop (1997) . The wetland model consists of a channel routing model coupled to a wetland field hydrology model. The dynamics ofthe channel routing model determine the flow depths along the drainage system and the corresponding outflow from the wetland system. The wetland field hydrology model incorporates the process representations through which water is added, temporarily stored and subsequently removed from the wetland sediments. The primary inflow to the routing model is in the form oflateral discharge from the adjacent wetland organics. The horizontal water movement within the wetland field model is driven by the difference between the head in the wetland sediments and the head imposed at the stream banks by the fluctuating water levels within the wetland stream system. The process representations incorporated into the model are consistent with the data-poor environments typical of most wetlands.
Wetland Representation
Idealization (?f rVetland Drainage System
The mode! idealizes a wetland drainage system as a series of routing reaches, each coupled to an adjacent wetland field cell (Figure 18 .1). The complexity of the routing network is dependent on the size of the modeling catchment, the data availability and the desired level of detail. The routing model can compute the flows along a main wetland channel and any specified number of tributaries.
The model idealizes the wetland using two storage zones (Figure 18 .2). Zone 1 characterizes the hummocky terrain typically found in many wetland systems. The overland flow of stormwater is strongly influenced by the nonuniform bed shape (hummocks and hollows) and the emergent vegetation typical of wetlands. Zone 2 represents the organic sediments ofthe wetland. The model assumes that the saturated zone within the organic layer is hydraulically connected to the wetland channel. The wetland channel is idealized as fully penetrating the active layer of the wetland sediments. The wetland hydrology model characterizes each wetland field cell by overlaying a finite-difference mesh.
Wetland Hydrology Model
purpose of the wetland hydrology model is to maintain an accounting ofthe ",-,;,w",',,,,, within the wetland \'{hile simulating the input and withdrawal of \vithin the wetland. The model requires specification of the dami·· water fluxes: precipitation groundwater input (or output) and
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evapotranspiration demand. The model simulates the horizontal movement of water along both subsurface and surface flow paths. Horizontal movements of water through a wetland are influenced by numerous factors including the nature of the wetland vegetation, the surface topography, the channelization, the properties of the wetland sediments, the presence of macropore flow and the gradient of the shallow groundwater system. Water can move through a wetland system along several parallel paths. Under non-submerged conditions, horizontal water movement is limited to micropore and macropore flow through the wetland sediments. Numerous researchers have identified the importance ofthe highly permeable upper organic layer in discharging water to the wetland streams (Ivanov, 1981; O'Brien, 1980) . Overland flow movements can occur along any available drainage channels. With regard to the numerical simulation of overland flow through wetlands, there ha<; been relatively little research (Kadlec and Knight, 1996) . The rate of flow through most wetlands is low and as a result, the inertial and acceleration terms in the momentum balance are negligible in comparison with gravitational and friction terms. With the frictional and gravity effects in balance, flows through a wetland can be modeled using an appropriate mass balance and a relationship between velocity and gradient. For wetlands, it can be argued that the use of Manning's equation is not appropriate. Manning's equation applies to turbulent flow conditions controlled by bottom friction whereas wetland overland f10ws are nearly always in the laminar or transitional flow regime, controlled by vegetative resistance (Kadlec and Knight, 1996) , Secondly, the typical flow depths within many wetlands are shallow and as a result, the microtopography of the surface is of importance. For overland flows across a wetland, the depth of flow would be highly variable. Finally, for many types of wetland vegetation, there is a pronounced vertical distribution in vegetation density. As a result ofthe difficulties inherent in the application of Manning' s equation to wetlands, several researchers have adopted a more general power law: Kadlec and Knight (1996) report a range ofl.0 < P <2.4 for the hydraulic depth exponent. Past studies (Kadlec etaL, 198 I; Hammer and Kadlec, 1986) have indicated that the computed water surface profiles are not sensitive to the selection ofP within normal operating ranges. For application to wetland systems, Kadlec and Knight (1996) recommend a laminar flow formulation (X ::::: 1.0), unless additional research data becomes available.
The wetland model utilizes a laminar friction law model as proposed by Hammel ' and Kadlec (1986) . Overland flow velocity (v x ) can be expressed:
head elevation relative to some arbitrary datum, slope of water surface in the hummock layer.
In order to account for the movement of water in the wetland sediments, a groundwater component is incorporated. The specit1c discharge (q) within the wetland sediments is related to the gradient in head through Darcy's law (Bear, 1979) :
where K(h) is the depth-averaged hydraulic conductivity associated with the organic sediments. Using a representative wetland element ( 
The Model
(18.5)
The transmissivity integrates the effects of micropore flow, macropore flow, surface flow within the hummock terrain and preferential surface flow along surface streamlets or channels. In any grid block, overland flow does not occur until complete saturation of the underlying organic layer. Implicit with the use of Equation 18.4 is the assumption that the pressure is hydrostatically distributed such that the gradient in head is the same above and below the wetland surface.
The model requires the specification of two storage parameters. When the phreatic surface is located within the hummock layer, changes in storage are characterized by a drainable porosity term applicable to the wetland hummocks and vegetation. When the phreatic surface is located within the changes in hydraulic head arc related to the drainable porosity parameter associated with the organic sediments.
Hummock Layer ih
Organic Layer b
Figm'e 18.3 Representative element of wetland.
Wetland Stream Model
In the literature, little attention has been focused on the influence ofthe wetland drainage system on stonnflow response. During storm events, the wetland drainage system and its interaction with the wetland sediments can play an in governing the rainfall-runoff response. In order to accurately the saturation of the wetland sediments and the travel time along the drainage network, the variation in stream levels within the wetland drainage channels must be adequately simulated. The selection of a suitable routing model is strongly influenced by the availability of data, the computational expense and the overall purpose ofthe model. For most applications, the availability of stream data within wetland systems is expected to be low. As a result, the use of a dataintensive channel routing model is generally not suitable. The wetland routing The coupling ofthe Manning equation for uniform -flow with the continuity equation has proved successful for meso-scale routing schemes (Kouwen, 1996) .
Coupling of Routing Model and Wetland Flow Model
An important component ofthe wetland model is the coupling of the water levels within the drainage channels and the phreatic surface levels within the wetland organic sediments. The runoff response from the wetland organics is strongly influenced by the flow depths in the drainage channel. At the beginning of any time step, the water levels in the wetland stream and wetland field cells are known and the lateral inflow to the stream along any reach, is known from the solution of the previous time step. The 
Stormflow Response
Over a two-year study period (1994) (1995) hydrometric and meteorologic data were collected at the wetland. The response of the wetland site to inputs was significantly influenced by the antecedent saturation and the volume of the rainfall. Figure 18 .4 illustrates the response of the wetland to two precipitation events. During periods of low flow, the wetland attenuates the storm flow hydrograph peak and reduces the runoff volume discharged. Figure  18 .4(a) illustrates the rainfall-runofffrom the wetland for a high-intensity, shOlt-
mately 26 mm of rainfall over a tluee hour period. Storage within the wetland organics was low prior to the event due to a span of22 days without any rain. As indicated in Figure 18 .4(a), the response to the precipitation was relatively insignificant. Under saturated conditions, the response ofthc wetland is shaped by overland flow through the hummock terrain. The response under saturated conditions is shown in Figure 18 .4(b) for a 31 mm rainfall over 6 hours on April 21, 1995. Inundation of the wetland sediments resulted in charging ofthe channel system. The corresponding stream flows exhibited an initial rise in the flow rate followed by a plateau in the streamflow hydrograph as the channel flowed full for a period of approximately 50 hours, followed by a decline in the wetland outflow rate.
Parameterization of Study Site
For the purposes of this study, the wetland was idealized as a single unit, draining symmetrically to a wetland drainage channel (Figure 18 .5). Parameters were obtained from mapping, aerial photography, site reconnaissance and field surveys. The depth exponent (b) was set at 2 as recommended by Kadlec and Knight (1996) . A listing of the is provided in Table 18 ,1.
Study Site
Drainage Channel 
CaHbrationNaiidation of Site-Specific Model Parameters
329
For the wetland, the parameters were found through an optimization exercise wnducted as part of a previous study (McKillop, 1997) . A process-oriented calibration procedure was employed. The process-oriented approach to calibration involves splitting the calibration period into subgroups, within which certain identifiable proeesses dmninate the production of nmoft: In this manner, the parameters are only evaluated over periods where they are active and contribute to the model output. The aim of the process-oriented approach is to attempt to minimize the effects of parameter interaction during calibration. Two sub-periods were identified based on the flow processes occurring within the wetland. During the last half of August 1994 (Figure 18 .6), the wetland stream flows incorporated a period oflow flows associated with the recession of (Figure 18 .7) involved multiple precipitation events applied to the study wetland under fully saturated conditions. The stormf1ow response was influenced by overland surface flows within the uppennost organic sediments and across the hummock layer. Subsequent to an initial manual optimization, a series of automatic optimization runs were performed in order to arrive at the optimal parameter values. The initial calibration ofthe model using the 1994 calibration period was followed by a similar calibration of the model using the 1995 period. The model calibration over the 1994 period was then repeated using the revised parameters optimized from the 1995 period. Based on the revised parameters found from the 1994 calibration, the model was re-calibrated over the 1995 period. This iterative procedure, alternating from the 1994 calibration period to the 1995 calibration period, was repeated until an optimal parameter set was established. A full description of the calibration procedure is presented by McKillop (1997) . Table 18 .2 summarizes the optimized parameter values. The calibrated organic layer drainable porosity is an average over the range in heads encountered during the calibration period. In general, the drain able porosity lies within the range typically reported for swamp systems in southern Ontario (for example, Woo and Valverde, 1981) . The hummock storage is an average reflecting the effective porosity corresponding to the vegetation and hummock/hollow topography. As a result ofthe coarse model discretization, the calibrated hydraulic conductivities are higher than those corresponding to typical point-scale measurements of organic soils. With respect to the modeled processes, the effective hydraulic conductivity parameters incorporate not only micropore flow through the soil matrix but integrate macropore flow and depressional streamlet flow to deliver stormflow to the channel system in excess of the amount possible by micropore flow alone. The surface flow coefficient characterizes surface flow in hummock terrain, the size and density of surface streamlets, the nature of the surface vegetation, and the availability of overland flow paths. The calibrated value lies within the range reported by Kadlec and Knight (1996) , intermediate between dense and sparse emergent vegetation. Figure 18 .8 illustrates a validation data set, comparing the observed and simulated continuous streamflows generated for the 1994 study period using the calibration data set.
Modeling the Flood Mod(fication Effects of a Wetland
Numerical Simulations
Methods
All runs had a simulation length of20 days (480 hours). For this study, a 3-hour uniform rainfall distribution was utilized throughout. Precipitation volumes ranged from 10 mm to 100 mm. 
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Oct-94 Nov-94 Figure 18 .8 Comparison between observed and validation hydrographs -1994 period.
constant groundwater inflow of approximately 1 mm/day was found to be appropriate for the site. A canopy interception depth of 1.5 mm was adopted. For all simulations, a uniform evapotranspiration (ET) demand of 3 mm/day was utilized. With evapotranspiration demand exceeding the groundwater input, a net loss of stored water within the wetland occurred during all recession periods. Wetland researchers generally agree that the hydrologic response at wetlands is strongly influenced by the ability of the \vetland to retain stormwater inputs. In order to examine the behaviour of the site under various saturation states, the model was initialized for two distinct saturation states. For the study wetland, an antecedent streamflow of 0.0 10m 3 /s corresponds to low water table levels within the wetland sediments. Initialization of the model resulted in the phreatic surface being located entirely within the wetland organics, utilizing approximately 50% ofthe available pore space. For the purposes of comparison, a high saturation scenario was also established. Initializing the model for an antcceJent streamflow rate of 0.100 m 3 /s resulted in saturation of the organic soils and steady-state water levels located within the hummock terrain.
Response to Precipitation Input
Background /utno!ugn it is recognized that the stormflow response of wetlands is strongly influenced by season and storage capacit; :v (O'Brien, 1986) relatively few studies have attempted to quantify flood peak modH1cation (Carter, 1986) . Past studies indicate spring runoff events, most wetlands produce a nashy response as a of the saturated conditions within the wetlands. During summer precipitation events, if air-filled pore space is available within the sediments for the retention of storm water, wetland outflows can be significantly reduced. In general, the greater the depth to saturation the more storage capacity is available for temporary storage oftlle precipitation inputs. Bay (1969) related the peak storm flow fi'om a bog watershed to water table position and precipitation volume. Relationships between precipitation volume and peak discharge were established for low, medium and high water table conditions.
Site Data
At the study site, the wetland response to precipitation input was strongly linked to the storage status in the wetland. The results ofthis reinforce the findings of Bay (1969) . Precipitation inputs and the resulting flow rates were well correlated under low water table conditions. When the wetland sediments were saturated prior to the precipitation inputs, considerable variation in the peak flow response was observed. 
Modeling the Flood Modification Elff!Cts of a Wetland Modeling Results
The wetland model was used to compute the stormflow from the study site for a precipitation time-series. Table 18.3 and Table 18 .4 summarize the peak flow rates and total runoff volumes for each precipitation volume under the low and high antecedent saturation scenarios respectively. Previously, the variation in the relationship between the precipitation inputs and the corresponding observed peak outflows was provided in Figure 18 .9. 
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correspondence between the observed and simulated peak flow for low precipitation volumes. However, as the precipitation volume increased, the model tended to overestimate the hydrograph peak. During periods oflow flow, it would be reasonable to expect a soil moisture deficit to exist within the unsaturated region ofthe wetland organics. However, the current wetland model assumes that the unsaturated zone is at field capacity and thus overestimates the storm flow response, At the wetland site, an antecedent streamflow (Qinit) of 0.049 m 3 /s corresponds to the onset of ponding within the hummock terrain. Figure 18 .10 shows that the computed peak discharge-precipitation relationship compares favourably with the observed discharge-precipitation relationship under medium wetness conditions. Figure 18 .11 provides a plot of the computed streamflow hydrographs under the low antecedent saturation state. For low precipitation inputs, the wetland suppresses the hydrograph peale The computed response exhibits a distinct hydrograph peak followed by a well-defined recession period. With increasing precipitation inputs, saturation of the wetland sediments occurs, overland flow mechanisms shape the stormflow response and the wetland outflow hydrogl'aphs exhibit significantly higher peaks and higher stormflow volumes. Figure 18 .12 illustrates the computed hydrographs for the wetland under high saturation conditions. In comparison to the results obtained for the low saturation scenario, under high antecedent wetness, the computed rainfall runoff response at the wetland resulted in larger and more sustained peak flows and significantly greater runoff volumes. 
Length of Wetland Response
Background
Few studies have attempted to quantify the length of the hydrologic response associated with wetlands. The response of the wetland can be conveniently characterized by the length of time taken for the wetland to drain the stored storm water and allow the wetland streamflow to return to the value immediately prior to the precipitation (Figure 18 .13).
Modeling Results
The computed results illustrate the significant variability in the response of the wetland. Table 18 .5 summarizes the results for 10, 40 and 100 mm precipitation volumes. Under low antecedent saturation conditions, the computed recovery time of the wetland was roughly double the values found for the high antecedent 310 hours (12.9 days) 50 saturation scenario. Under saturated conditions, the computed wetland recovered from a 10 mm in less 2 days. Under low antecedent saturation conditions, the computed wetlaild required almost 5 days to return to the initial streamflow value after a 10 mm input. Under a low antecedent saturation condition, the wetland would require almost 25 days of continuous drainage in order to return to the streamflow level prior to a 100 mm precipitation input. Figure llU4 illustrates the computed stream flows under both antecedent saturation states for a 40 mm rainfall event. Figure 18 .15 provides a similar comparison for the 100 mm precipitation event.
Event Runoff
Background
In the literature, total runoff hydrographs are commonly separated into two components: basef10w and direct runoff Base flow is the component of the channel discharge comprising groundwater inflows and delayed interflow. baseflow cornponent from the total runoff hydrograph is highly subjective and numerous techniques are available. For this study, the total nmoffhydrograph was separated into a base flow drainage component and an event runoff component using the wetland model. The model was used to generate a hypothetical baseflow drainage hydrograph where the computed wetland was allowed to drain over the length of the simulation period with no precipitation inputs ( Figure  18 .16). The computed drainage ofthe wetland would represent a combination of the gravity drainage of water stored within the wetland sediment'), the local groundwater inflows and the evapotranspiration uptake by the wetland vegetation over the length of the simulation. The event runoff hydrograph was then constructed by subtracting the baseflow drainage streamflows from the computed total streamflow hydrograph. 
Afodeling Results
Stormflow Production
Background \Vetland iiterature contains several conflicting field studies regarding the mechanisms of stonnflow production in \vetland". O'Brien (1980) studied two swamps in Massachusetts and concluded that the dominant stormflowmechanism was subsurface stormflow. Taylor (i 982) reported the starmnow response at a wetland complex near Peterborough, Ontario could be explained using a variable-source area, saturated overland flow concept. At a valley-bottom, spring··fed swamp in southern Ontario, Rouiet (199 J) reported Ihatthe stonl1flow volume was directly proportional to the precipitation input due to the presence of constant saturated zones maintained by a steady groundwater input. Figure 18 .17 provides a comparison between the precipitation input volume and the corresponding outflmY volume computed for both the low and high antecedentsaturation states. The figure illustrates how the computed dominant stormfiow mechanism at the study site can in fact, progress from a subsurface stormtlovi mechanism to a saturated overland flow framework. The slope of the precipitation-runoff plot characterizes the change in computed mnoffvo!ume resulting from a unit change in the precipitation input. For low precipitation inputs to the site, the shallow slope of the computed precipitation-nL.'1off plot is characteristic of a subsurface storm flow mechanism. The case where the stonnflow yield is 
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Numerical Simulations
341 directly proportional to the precipitation input is consistent with a saturation overland flow conceptual framework. For both antecedent saturation states, the slope of each plot increases with increasing precipitation input, eventually approaching a 1: 1 slope where a unit precipitation input produces a unit increase in computed runoff. It can also be noted that as the precipitation input increases, the computed rainfall-runoff response of the highly saturated wetland approaches a 1: 1 slope carlier than the low antecedent saturation simulations. This is consistent with the perception that the high antecedent saturation state would generate saturated overland flow more quickly than a wetland site with significant subsurface storage,
Comparison with Urban Stormflow Response
Background
It is well known that urbanization generally results in increased storm water runoffvo!umes as \vell as greater peak rates of runoff. In southern Ontario, urban expansion is constantly encroaching upon wetland sites. Modem best management practices require urban development sites to coexist with wetland systems. It is important for land lJse pianners and urban engineers to be aware of the significant differences in the hydrologic responses from urban and wetland land ",,,,fW",,,,. Results Estimates of the urban runoff "vere generated using the SWMM Developed and maintained by the U.S. Environmental Protection SWMM is a widely urban simulation modeL A hypothetical residential development was adopted. The site an area of 420 hectares and was assumed to have an impervious equivalent to 30% The I lorton infiltration equation := 50 mm/hr, fc = 7.5 mm/hr and k = 2 hi') was used to estimate the infiltration of stormwater on the pervious portions of the catchment. The site was modeled a trapezoidal channel bisecting the catchment and instaned atthesame gradient as the original wetland channel network (0.00 1 Table 18 .8 provides a comparison of the computed runoff rates and runoff volumes corresponding to urban development and the wetland site. The table indicates that for the 40 mm precipitation volume, uncontrolled runoff from a comparably sized residential development would result in a peak discharge rate of 4.0 m 3 /s. In comparison, the peak flows from the wetland site are significantly lower. Under the high antecedent saturation condition, the peak flow was only 0.207 m 3 /s, approximately 5% of the peak flow value generated from the residential development. The table also reveals the variation in computed runoff volume associated with the swamp. Neglecting any groundwater contribution, the residential development generated approximately 11.5 !TIm of computed stann mnoff, corresponding to it runoff coefficient of 0.30, typical of a residential development. Under low saturation conditions, the swamp suppressed the computed stormflow response and generated 8.3 mm of computed stormflow volume. However, under high antecedent saturation conditions with little storage volume available, the swamp site discharged 20.0 mm of computed runoff: representing a 74% increase over the volume produced by the residential development. Figure 18 .18 provides a plot of the computed strcamt10w hydrographs for a 40 mm precipitation input. As discussed earlier, the computed recession associated with the wetland is many hundreds of hours in hI comparison, the urban development discharges most of the computed storm runoffin less than a day. 
Modeling the Flood Modification l!-.1fects ala Wetland
Conclusions
Although it is generally understood that the presence of a swamp ecosystem attenuates peak flows and elongates recessions, fe\v studies have attempted to quantify these flood modification effects. In this study, a calibrated numerical wetland model was used to examine the response of a wetland to various precipitation inputs applied to differing saturation states.
The runoff generated at the wetland site was strongly influenced by the initial saturation state and the precipitation input. Runoff coefficients ranged fi'om 0.22 for a 40 mm precipitation input under low saturation conditions to 0.75 for a 100 mm rainfall volume applied to a highly saturated wetland. Under low antecedent saturation, a 40 mm precipitation input resulted in 8 mm of mnaff. However, the same 40 mm precipitation volume produced 20 mm of runoff when the wetland was saturated prior to the precipitation event.
The results indicate that the wetland stormflow response can be explained using a subsurface stormflow framework when antecedent saturation levels and precipitation volumes are low. However, under highly saturated conditions, increases in the stormflow yieJd will be directly proportional to the increase in meteorologic input, consistent with a saturation overland flow mechanism.
The length of time taken for the wetland outflows to return to antecedent levels ,vas influenced the dominant stormflow mechanism. Under a subsurface stol1ufiow response, a 40 mm rainfall input produced a response time of387
hours. In comparison, applied to a saturated wetland where overland t10w mechanisms enabled stormflows to traverse the wetland more quickly, a 40 mm rainfall resulted in a 211 hour response time.
The wetland behaviour was compared to the hydrologic response of a hypothetical development of comparable size. The results indicated that the wetland site significantly suppressed the peak outflow rates in comparison to the urban development With regard to the stom1fiow under high antecedent saturation conditions, the wetland site generated a runoff volume greater than the volume produced by the urban development. The results also illustrate the significant variation in the length of the hydrologic response associated with the wetland and urban land classes. While an urban stormflO\\' response from a 40 mm precipitation lasted less than one day, sized wetland site generated a response lasting over 16 days.
In summary, it is evident that the stonnflow response from treed swamp ecosystems is compJex and highly variable. The results presented in this chapter have significant implications for the management of swamp ecosystems. In southern Ontario, many swamp sites are threatened by urban expansion and a complete understanding of the hydrologic behaviour of these valuable natural resources is essential for proper management by planners and regulators.
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